Introduction
In sub-Saharan Africa, the region hardest hit by the HIV epidemic, tremendous progress has been made in the prevention of mother to child transmission (PMTCT) with a four-fold reduction in pediatric infections from 2000 to 2015 [1, 2] . In Malawi, following the introduction of Option B+, a PMTCT program that initiates all HIV-infected pregnant and breastfeeding women on free lifelong antiretroviral therapy, there has been more than a 70% reduction in MTCT [2] . However, Malawi's PMTCT success is largely due to its successful identification and treatment of HIV-infected pregnant women, rather than the prevention of HIV acquisition [1, 2] . Between 2012 and 2016, the number of newly diagnosed HIV-infected pregnant women remained essentially unchanged, suggesting stable HIV incidence [3] .
Prevention of HIV acquisition in women of reproductive age is the first prong of PMTCT approaches, but has historically been overlooked due to the absence of femalecontrolled prevention technologies and difficulties identifying women at highest risk. Additionally, HIV acquisition during pregnancy has been estimated in excess of 3 infections per 100 person years [4, 5] , the recommended threshold for offering oral pre-prophylaxis (PrEP) [6] . As female-controlled prevention technologies, such as PrEP, become available, understanding which pregnant women, are at highest risk of HIV acquisition is key.
Abstract We aimed to understand drivers of HIV-infection in pregnant women in Malawi. The study was conducted in antenatal and labor and delivery wards. HIV-infected women and their partners (cases) were frequency matched in a 1:2 ratio based on age and screening location to HIV-uninfected women and their partners (controls) in a prevalent casecontrol study. Characteristics associated with female HIV infection were assessed using logistic regression modeling. At screening, HIV-infected women were more likely to have partners outside Lilongwe than HIV-uninfected women (24% vs. 0%, p < 0.0001). Case females were more likely to have HIV-infected study partners than control females (75% vs. 4%, p < 0.0001). The odds of female HIV-infection were higher if either couple member reported ≥ 2 lifetime marriages (OR 9.0, CI 2.6-30.9) or ≥ 3 lifetime partners (OR 18.0, CI 3.1-103.6) and lower if either reported past couple HIV testing and counseling (OR 0.1, CI 0.04-0.3). Targeting women with migrating partners, promoting couple HIV A range of individual, partner, and couple factors have been associated with incident and prevalent HIV infection in pregnant and postpartum women. Individual factors (female attributes) include having multiple sexual partnerships or marriages [7] [8] [9] [10] [11] [12] [13] , alcohol use [7, 12] , and STI symptoms or diagnoses [7, 9, 12, 13] . Partnership factors (male attributes reported by women) include having other partners [7, 8, 13] , traveling [13] , and using alcohol frequently [13] . Couple factors (dyadic attributes reported by women) include shorter relationship durations [9, 11] and larger male-female age differences [7, 9, 13] . However, these findings are based on female reports of male and partnership characteristics. This secondary reporting is subject to measurement error. Because primary marital and cohabiting male partners are often the source of HIV infection in women [14] , reports by both partners on more characteristics can provide new insights.
We conducted a case-control study to understand the individual, partner, and couple characteristics associated with HIV infection among pregnant women in Malawi, as reported by both partnership members. Within each category, demographic, socioeconomic, behavioral, and HIV care-seeking characteristics were assessed.
Methods

Study Setting
The study was conducted from December 2015-December 2016 at Bwaila District Hospital, a high-volume urban maternity hospital in Lilongwe, Malawi. Main findings were published previously [15] . The study was based at the antenatal care (ANC) and labor and delivery (L&D) wards. During this period, approximately 1000 women attended each setting monthly. As standard of care at ANC, all women without a documented HIV-positive status were offered HIV testing. During the study period, ANC HIV prevalence was 11% with approximately half of these HIV-infected women already on ART and the other half testing HIV-positive at that visit. At L&D, all women, including those with a documented HIV-positive status, were tested for HIV as standard of care. HIV testing was conducted while women were awaiting delivery or just afterwards. At L&D, approximately 10% were confirmed HIV-positive, and 0.6% were new HIV diagnoses.
Study Design, Participants and Procedures
We conducted a prevalent case-control study comparing HIV-infected women and their partners with HIV-uninfected women and their partners.
In both ANC and L&D, HIV-infected women who tested HIV-positive on that day were approached by study staff and screened for eligibility. Eligibility criteria included being HIV-infected, pregnant, ≥ 18 years, having a current male sexual partner ≥ 18 years, not having received couple HIV testing and counseling (CHTC) at that visit, willingness to undergo CHTC with a partner in the next month, believing both partners would both be in Lilongwe for ≥ 2 months, and being interested in study participation. Eligible women interested in participation provided informed consent after eligibility was confirmed. Each consented woman was given one invitation for a male partner to present to the clinic for important family health information. Women provided their partners' phone numbers, when available, and could elect to have the clinic call their partners right away or wait 1 week. Because this was a couple study, only women who presented with a partner after their screening visit enrolled. Enrolled couples with an HIV-infected pregnant woman were referred to as "case couples."
We also enrolled "control couples," those with an HIVuninfected pregnant woman. These women were enrolled in a 1:2 ratio (one HIV-uninfected woman for every two HIV-infected women). HIV-uninfected women were selected using frequency matching based on HIV-infected women's screening locations (ANC or L&D) and age categories (18-19, 20-24, 25-29, 30-34 , and ≥ 35 years). Each potential HIV-uninfected woman was screened using the same eligibility criteria as HIV-infected women. If they consented, they were provided with the same invitation, and their partners were traced and enrolled using the same procedures.
All enrolled couples had two visits: a first visit approximately 1 week after they were screened and a second visit 1 month later. In this analysis, we only used information from the first visit. At the first visit, the two partners initially met separately with same-sex interviewers. The male partner provided informed consent (the female partner had done so at screening) and each partner participated in separate interviewer-administered behavioral surveys, which included questions about demographics; socioeconomic status; and alcohol, sexual, and HIV care-seeking behaviors. Afterwards, the couple was offered opt-out CHTC, based on Malawi's guidelines. Data were collected on Android tablets using Open Data Kit software and uploaded to an encrypted password-protected web-based server. Data were downloaded bi-weekly and stored on a secure server.
Measures
The primary outcome of interest was female HIV status, assessed at the initial screening visit using the eligibility assessment. Individual and partner factors were obtained from the female and male behavioral surveys as independent variables of interest. Couple factors were developed as a composite from both behavioral surveys.
• Eligibility factors included whether the woman had a male sex partner, whether she and her partner were ≥ 18 years, whether she and her partner were intending to be in Lilongwe for 2 months, whether they had already received CHTC on that day, and whether she was interested in study participation. Women who were screened out of the study were not asked further questions, and therefore no additional information was available.
• Individual and partner demographic variables included age, religion, and duration living in their current home. Women were also asked about the number of prior pregnancies and living children. Couple variables included male minus female age difference, mean relationship length, and whether the couple had children together.
• Individual and partner socioeconomic variables included education, earning status, floor material, and hunger in the last month. The only couple-level socioeconomic variable included was relative educational achievement.
• Individual and partner behavioral variables included age at first intercourse and number of lifetime sexual partners and marriages. In addition, alcohol consumption, number of sexual partners in the last year, presence of sexual concurrency while with the study partner, and presence of transactional sex in the last month were included for male partners. Couple-level variables included whether either couple member had ≥ 2 marriages or ≥ 3 lifetime sexual partners, including their study partner.
• Individual and partner HIV care-seeking behaviors included whether the person had a past HIV test, the timing and location of that test, and whether the person ever had received CHTC with any partner prior to enrolling in the study. Couple-level variables included whether either had undergone these behaviors. Male HIV status was ascertained through CHTC after behavioral survey administration. Men who knew they were HIV-infected prior to the study, were asked if they were taking antiretroviral therapy.
Statistical Methods
The first set of analyses was conducted among all screened women. The proportions of HIV-infected and HIV-uninfected women ineligible for each reason were compared using Fisher's exact tests.
The remaining analyses were conducted among enrolled couples on a dataset with one record per couple. This record included female HIV status (the primary outcome); all individual, partner, and couple characteristics; and design variables (screening location and female age category). First, bivariable analyses were conducted using Fisher's exact tests. Next, we used logistic regression models to estimate unadjusted and adjusted odds ratios (ORs) and 95% confidence intervals (CIs). In separate models, we explored individual and partner factors associated with female HIV status using a backward elimination approach. Separate models were used due to the small sample size and large number of covariates. In each, we started with a full model with all variables that had bivariable p-values ≤ 0.15. Variables were retained if multivariable p-values were ≤ 0.15. This relaxed threshold was used due to the small sample size and large number of variables. Unadjusted and adjusted models controlled for design variables.
We then implemented a multivariable logistic regression model estimating couple-level factors associated with female HIV status, also using backward elimination. The initial model included dyadic specifications of variables from the final individual or partner multivariable models. The modeling process was the same as that described above.
Because there were only two HIV-infected men from control couples, including male HIV status produced unstable estimates. However, due to the importance of this variable, we added this variable after the modeling process was complete as a sensitivity analysis. As a second sensitivity analysis, we implemented the final models among ANC couples only.
All analyses were performed using SAS version 9.4 (Cary, North Carolina, USA).
Ethics
The study received approval from our University's Institutional Review Board and the National Health Science Research Committee in Malawi.
Results
Study Population
Overall, 222/345 (64%) of the HIV-infected women and 95/100 (95%) of the HIV-uninfected women were eligible (p < 0.01) ( Table 1) . HIV-infected women were more likely to not have a male sexual partner (10% vs. 3%, p = 0.03) or have a sexual partner outside of Lilongwe (24% vs. 0%, p < 0.0001). HIV-infected and HIV-uninfected women had comparable rates of participation disinterest (5% vs. 3%, p = 0.6) and enrollment (43% vs. 53%, p = 0.1).
By design 100 case women and 50 control women were enrolled (Fig. 1) . Four case partners and one control partner lacked male behavioral survey data and were excluded, resulting in 96 case couples and 49 control couples. Among enrolled women, median age was 25 years and, by design, age distribution and recruitment site were nearly identical between cases and controls (p > 0.9 for both) ( Table 2) . Ninety-four percent of couples were recruited from ANC. Demographic characteristics of the full sample have been published previously [15] .
Female Individual Characteristics
Nearly all women were married and most had a living child (Table 2) . Few completed secondary school or earned a wage. Thirty-five percent reported ≥ 2 lifetime marriages, 42% reported ≥ 3 lifetime partners, and 21% reported both (Pearson's correlation coefficient = 0.3). Four women reported a concurrent partner while with the study partner. Most had tested for HIV previously, but few had tested ≤ 1 year ago and few had ever received CHTC.
There were no individual demographic factors associated with HIV infection. Female earning status was the only socio-economic factor associated with HIV infection: HIVinfected women were less likely to be wage earners. Two behavioral variables were associated with HIV infection: ≥ 3 lifetime sexual partners and ≥ 2 lifetime marriages. Two HIV care-seeking behaviors were associated with HIV infection: HIV-infected women were less likely to have tested in the last year and less likely to have ever received CHTC.
In the multivariable model, all variables were retained except wage earning status. Holding all else constant, the 
Male Partner Characteristics
Male median age was 32 years. Nearly all men were married. The majority had completed secondary education, were fulltime wage earners, and reported no hunger in the last month (Table 3) . Forty-six percent reported ≥ 2 lifetime marriages, 84% reported ≥ 3 lifetime partners, and 43% reported both (Pearson's correlation coefficient = 0.3). Few men reported a concurrent partner while with the study partner and few reported recent paying of money or goods for sex. Most men had tested for HIV previously, but few had tested within the last year, and few had ever received CHTC. The strongest independent predictor of female HIV infection was male HIV status. After CHTC, 75% of HIV-infected women had a partner diagnosed as HIV-infected compared to four percent of HIV-uninfected women (p < 0.0001). Of these men, only 7% of men in case couples and 50% of men in control couples were on antiretroviral therapy.
In bivariable analyses, no partner demographic factors and three partner socioeconomic factors were associated with female HIV infection (Table 3) . Men without secondary education, who were not full-time wage earners, and who experienced hunger in the last month were more likely to have an HIV-infected partner. Two male partner behavioral factors were associated with female HIV infection: having ≥ 3 lifetime sexual partners and ≥ 2 lifetime marriages. One HIV care-seeking variable was protective: history of ever receiving CHTC.
In multivariate analysis, hunger and earning status were dropped. Holding all else constant, the odds of female HIV infection were higher among those with male partners who did not complete secondary education compared to those with male partners who did complete secondary education (OR 2.2, CI 1.0-5.1). The odds were also higher among men with ≥ 3 lifetime partners compared to those with < 3 lifetime partners (OR 4.6, CI 1.5-14.0) and higher among men with ≥ 2 lifetime marriages compared to those with < 2 lifetime marriages (OR 4.0, CI 1.6, 10.3). Past male CHTC was protective against female HIV infection (OR 0.3, CI 0.01-0.7). When male HIV status was added to the model, other coefficients remained similar and confidence intervals widened, suggesting that male HIV status was not confounding these other relationships. The odds of female HIV infection were considerably higher if her male partner was also HIV infected (OR 105, CI 16.6, 664.0).
Couple Characteristics
The male partner was ≥ 10 years older in 15% of couples (Table 4) . Most couple members were married to each other and living together. Approximately half reported having a child together. Median relationship duration was 3.5 year. In most couples, male partners had equal or higher educational achievement than female partners. In most couples, one or both had ≥ 3 lifetime partners and in approximately half, one or both partner had ≥ 2 lifetime marriages. In bivariable analysis, two couple demographic variables were associated with female HIV infection: ≥ 10 year age difference and shorter relationship duration (Table 4) . Female HIV infection was also associated with male partners having lower educational achievement than female partners. Two couple behavioral factors were associated with female HIV status: one or both having ≥ 3 lifetime sexual partners and one or both having ≥ 2 lifetime marriages. Female HIV infection was lower if at least one partner reported ever receiving CHTC prior to study participation.
In multivariate analysis, relationship duration was dropped. Holding all else constant, the odds of female HIV infection were higher if men were ≥ 10 years older than their female partner (OR 9.4, CI 1.8-49.9) or if the male partner had lower educational achievement than the female partner (OR 6.9, CI 1.3, 36.0). The odds of female HIV infection were also higher if at least one partner reported ≥ 3 lifetime partners (OR 18.0, CI 3.1, 103.6) or ≥ 2 lifetime marriages (OR 9.0, 95% CI 2.6, 30.9). The odds of female HIV infection were lower if one or both partners reported CHTC (OR 0.1, CI 0.04, 0.3). When analyses were restricted to observations from ANC, the same variables remained in the model, odds ratios remained similar, and confidence intervals widened, suggesting similar drivers of HIV infection among couples in both settings.
Discussion
In a sample of Malawian pregnant women and their male partners, individual, partner, and couple factors were associated with the female partner being HIV-infected. HIV-infected women were more likely to have a partner outside of the catchment area. Multiple marriages and lifetime partnerships were each strongly associated with female HIV infection. Either partner receiving CTHC was highly protective against female HIV infection. And larger male-female age gaps (with older males) and male-female socioeconomic gaps (with higher earning women) were associated with female HIV infection. All of these factors remained important, even after adjusting for male HIV status, the factor most strongly associated with female HIV infection.
Male partner's HIV-positive status was the strongest predictor of female HIV infection. Among the 70 HIV-infected men in case couples, only 7% reported being on antiretroviral therapy, and were therefore were unlikely to be virologically suppressed; they are a likely source of transmission to the female partner [16] . Although approximately half of HIV-infected Malawian men are suppressed [17] , identifying the remaining half, engaging them in care, and supporting adherence are critical to ensure viral suppression. HIVinfected pregnant women could be an excellent liaison for identifying and accessing this hard-to-reach population, an observation consistent with other findings in ANC settings in the region [18] [19] [20] .
Having a male partner outside of Lilongwe was strongly associated with female HIV infection. We hypothesize that many of these partners were engaging in sexual activity with casual partners while they were away from their primary partners, a phenomenon observed throughout the region [21] [22] [23] . However, because these couples were excluded from the study, this hypothesis cannot be explored, and our results generalize to women with partners in Lilongwe. Future work is needed to understand reasons, locations, and durations of partner separation, as well as the risk behaviors in both partners during these periods.
For both men and women, having at least two marriages and three lifetime partners were strongly associated with a female HIV infection, an observation made in other antenatal and postpartum populations [7] [8] [9] [10] [11] [12] [13] . Multiple marriages and multiple partnerships were weakly correlated in our data, and may contribute to HIV risk in different ways. Multiple partnerships are an indicator of more possible exposures to an HIV-infected person. At a national level, there is a dose response relationship with more partners being associated with higher HIV prevalence [24] . Multiple marriages may indicate greater likelihood of past exposure to a person at very high risk of HIV infection, which has been associated with divorce and widowhood in prospective analysis [22, 25] and nationally representative cross-sectional samples [24] .
Either partner receiving CHTC before study participation was strongly associated with lower rates of female HIV infection. One possible explanation is that less risky couples were more inclined to test together. This explanation would indicate that CHTC is the result of a safer relationship, rather than the cause of it. However, CHTC appears protective against HIV acquisition [26] , primarily due to substantial increases in consistent condom use [27] [28] [29] , CHTC could play an important role in the treatment and prevention cascades, observations leading the WHO to issue guidance encouraging CHTC [30] . Few demographic and socioeconomic indicators were associated with female HIV infection. Greater male-female age differences were associated with higher female HIV infection. This phenomenon has been observed previously in other antenatal settings in sub-Saharan Africa [7, 9, 13] and in Malawi's general population. This may be due to older male partners having more time to become infected, as well as greater male-female power differentials that make sexual negotiation difficult.
Collecting data from male partners is a unique strength of our study. Although multiple analyses have assessed factors associated with HIV infection during pregnancy or postpartum, data have been collected solely from women. Collecting data from male partners offers two important advantages. First, self-report is likely more accurate than a partner's report of the same characteristics. Second, data from both partners allows for dyadic analyses, and certain variables appeared to operate at a dyadic level. For example, the relative age and education levels between men and women was more strongly associated with female HIV status than absolute levels of either.
Our findings must be interpreted in light of several limitations. Our results generalize to those couples who were able to present together; those who did not may have been busier, more resistant to testing, or more violent [20] . However, refusal and participation were similar among eligible cases and controls, so this may not have biased estimates. Additionally, although it is not known whether results generalize beyond our setting, the risk factors we observed are comparable to those observed in other antenatal settings in the region [7] [8] [9] [10] [11] [12] [13] and in national population surveys in Malawi [24] . Next, because our sample size was small, many estimates were imprecise and we lacked statistical power to detect small differences. The small sample also limited our ability to conduct hierarchical modeling with several levels of analysis in a single model. Finally, we captured prevalent HIV cases, rather than incident HIV cases, and as a result, it is impossible to determine whether or not these "risk factors" caused or even preceded HIV infection.
Conclusions
Taken together, these findings offer important insights into individual, partner, and dyadic factors that may put HIVuninfected women of childbearing age at risk for HIV acquisition. A clear understanding of these factors is an essential first step for determining which HIV-uninfected women are at highest risk of HIV acquisition, and ultimately in greatest need of biomedical and combination HIV prevention.
